The relatively new field of nanotheranostics combines the advantages of in vivo diagnosis with the ability to administer treatment through a single nano-sized carrier, offering new opportunities for cancer diagnosis and therapy. Nanotheranostics has facilitated the development of nanomedicine through direct visualization of drug blood circulation and biodistribution. From a clinical perspective, nanotheranostics allows therapies to be administered and monitored in real time, thus decreasing the potential of under-or over-dosing and allowing for more personalized treatment regimens. Herein, we review recent development of nanotheranostics using lipid-and polymer-based formulations, with a particular focus on their applications in cancer research. Recent advances in nanotechnology aimed to combine therapeutic molecules with imaging agents for magnetic resonance imaging, radionuclide imaging, or fluorescence imaging are discussed.
Introduction
Cancer is currently the third most common cause of death in the world after heart and infectious diseases. While the search for efficacious anti-cancer therapeutics continues, it becomes increasingly clear that the accurate and informative visualization of anti-cancer agents following their administration can play an essential role to formulate effective treatment plans [1] . In this regard, nanotheranostics, which combines diagnostic and therapeutic modalities into a single nano-sized carrier, has emerged [2] [3] [4] . Such combination allows physicians to monitor the type and quantity of drugs while they are given to each patient, together with other advantages such as assessing drug distribution and release, evaluating drug response and efficacy, and assisting on-demand drug release, all in a non-invasive and real-time fashion. Such information in turn can better assist physicians to tailor treatment plans based on the patient's individual needs [5] , hence potentially lowering the chances of both over and under treatments that have often resulted in adverse side effects in conventional treatments [6] . Indeed, information obtained by combining diagnostic and therapeutic modalities has aided scientists and engineers to design novel anti-cancer drugs as well as optimize existing drug formulations [7] .
Among various nano-sized delivery vehicles, liposome and polymeric nanoparticle (NP) are two popular platforms for nanotheranostics ( Figure 1 ). Extensive knowledge has been obtained on the exploitation of these platforms in cancer therapy, particularly their abilities to enhance the efficacy over free drugs through improved drug encapsulation, prolonged circulation half-life, and sustained or triggered drug release [8] [9] [10] . In addition, preferential accumulation of liposomes and polymeric NPs at the Ivyspring International Publisher disease sites, as the result of passive targeting through enhanced permeability and retention (EPR) effect and active targeting through selected surface ligands, has been extensively explored [11, 12] . As a result, a number of approved therapeutics based on liposomes and polymeric NPs have entered clinical use, and more are under various stages of clinical development [13] [14] [15] [16] .
Such progress achieved in developing therapeutic liposomes and polymeric NPs allows researchers to further incorporate imaging modalities commonly used in clinic into these nanocarriers, such as magnetic resonance imaging (MRI) [17] , radionuclide imaging [18] , and fluorescence imaging [19] (Table 1) . Specifically, MRI detects the radiofrequency signal given off as protons return to thermodynamic equilibrium after being pulsed. It offers high spatial resolution without tissue-penetrating limitations. Technical development in MRI is largely focused on further improving the sensitivity, lowering the cost, and reducing the imaging time. Meanwhile, radionuclide imaging by detecting the gamma rays or subatomic particles emitted by injected radioactive nuclei has become an indispensible tool in clinic to aid the evaluation of the development state of many diseases. In particular, single photon emission computed tomography (SPECT) and positron emission tomography (PET) are two major radionuclide-based imaging modalities. A detailed comparison of these two techniques requires case-by-case considerations from both biology and physics, which is beyond the scope of this review [20] . Nevertheless, similar to MRI, radionuclide imaging has high sensitivity with no tissue-penetrating limitations. Different from both MRI and radionuclide imaging, fluorescence imaging utilizes photons of characteristic wavelength to excite fluorescent molecules or quantum dots (QDs); the excited, unstable electronic state ultimately causes the emission of light at a higher wavelength that can be detected in the ultraviolet to near infrared range. In addition to the role as an imaging agent, some photosensitizers generate toxic radicals upon excitation, hence capable of dynamic photothermal therapy (DPT) [21] . Optical imaging offers a high sensitivity and the capability of multicolor imaging; however, poor tissue penetration and low spatial resolution have largely limited the use of optical imaging in shallow tissues or small animals.
Current development of nanotheranostics leverages the aforementioned imaging modalities and incorporates them into various NP platforms along with different cancer therapeutics, hence providing novel multimodal platforms with significant clinical application potential. Herein, we review current nanotheranostics that combine anti-cancer therapeutics with MRI, radionuclide imaging, or optical imaging agents, with a primary focus on platforms using liposomes and polymers. Figure 1 . Therapeutic molecules and imaging agents can be co-encapsulated into (A) liposomes or (B) polymeric nanoparticles to form nanotheranostic platforms. Depending on the amphiphilicity of the imaging agents, they can be encapsulated either inside of the liposome or in the lipid bilayers. In addition, the particle surface can be conjugated with targeting ligands for targeted delivery. Table 1 . A summary of major imaging modalities used in nanotherapeutics (adapted from reference [9] )
Techniques

Pros Cons
Fluorescence Imaging * High-throughput screening for target confirmation and compound optimization * High sensitivity * Multi-color imaging
Liposome-based nanotheranostics
Liposomes are established drug carriers for cancer therapy [22] [23] [24] . They are closed spherical vesicles composed of a lipid bilayer made of either synthetic or natural phospholipids with diameters around 100 nm. Those with single bilayers are generally synthesized by the hydration of thin lipid films followed by either physical extrusion or sonication [25] . Synthesis methods result in an aqueous phase occupying the center of the liposome, in which hydrophobic and hydrophilic drugs can be encapsulated via a variety of methods [26] . Liposomes have been widely used as delivery vehicles because of their unique abilities to encapsulate both therapeutic and diagnostic agents, protect the encapsulated agents from external environments, prolong systemic circulation lifetime of the encapsulated agents, and be functionalized with various targeting ligands for cellor tissue-specific delivery [16] . Given that some liposome-based therapies such as Doxil® have already been approved for the treatment of certain cancers, loading these carriers with both drug and imaging moieties is a promising strategy to develop next-generation nanotheranostic platforms.
Liposome-based therapeutics and MRI
Liposomes can be loaded with a variety of contrast agents for MRI applications. In particular, superparamagnetic iron oxide NPs (SPIOs) [27] [28] [29] , gadolinium-, and manganese-based compounds [27, 30, 31] have been extensively studied for their ability to enhance the contrast in T2-weighted MRI for better in vivo visualization. These agents, together with the therapeutic agents loaded into liposomes, have led to a variety of nanotheranostic particles. For example, Erten et al. have encapsulated iron oxide into a cholesterol/DOPE/DSPC liposome to form a multifunctional nanotheranostic platform [32] . In this formulation, Doxorubicin (DOX) was loaded into a dextran hydrogel placed between the iron oxide core and the lipid shell. The theranostic NPs were studied in athymic nude mice bearing Lewis lung carcinoma xenograft and MIA PaCa-2, a pancreatic cancer xenograft. Observed through a dorsal skinfold window chamber, tumor blood vessels showed enhanced contrast in T2-weighted MRI, owing to the co-localization of the NPs with the tumor vessels. In addition to the role played by iron oxide NPs as contrast agents, the iron oxide NPs also served as a heating source upon the exposure of alternative magnetic field (AMF). Therefore, iron oxide NPs provide a platform for localized hyperthermia-induced drug release, an additional benefit to MRI alone [33] . Gadolinium-based organic agents also showed similar thermosensitive properties. Tagami et al. have formulated a hyperthermia activated-cytotoxic (HaT) liposome composed of DPPC and Brij surfactant, which encapsulated both DOX and the contrast agent gadolinium-diethylenetriaminepentaacetic acid (Gd-DTPA) [34] . The release rate of DOX was monitored by measuring the MR T1 relaxation time, as both parameters were dependent on temperature change. In BALB/c mice implanted with EMT-6 cells, upon heating, an accelerated T1 was correlated with the increased DOX release from the NPs. A higher DOX uptake and a better tumor regression were observed with the heated tumor. Using a similar approach and adding poly(2-ethoxy(ethoxyethyl)vinyl ether), a thermosensitive polymer, into the liposome formulation, liposomes combining temperature-triggered drug release and MRI functions were developed [35] . The liposomes retained DOX in their interior below physiological temperature but released DOX immediately at temperatures above 40 ºC. On colon 26 tumor-bearing mice, tumor growth was strongly suppressed when the tumor was heated mildly at 44 ºC for 10 min at the 8-hour point post-liposome injection. MRI functions were also used to study the dependence of liposome tumor accumulation on liposome size and tumor size. In summary, these studies showed that encapsulating MRI contrast agents such as iron oxide or gadolinium-based compounds into liposomes, together with therapeutic agents, provides a useful approach to developing advanced nanotheranostics with noninvasive MRI.
Liposome-based therapeutics and radionuclide imaging
Liposomes can directly encapsulate radionuclide agents to form nanotheranostics with radionuclide imaging. Soundararajan et al. have formulated radiolabeled liposomes by directly loading 186 Re and DOX into liposome interior for cancer chemoradionuclide therapy (Figure 2 ) [36] . In male nude rats bearing xenografts of head and neck squamous cell carcinoma, the liposome formulation showed a prolonged circulation time and decreased liver accumulation. This study also suggests that combining radionuclides with chemotherapeutic drugs not only allows for real-time imaging but also increases efficacy conferred by chemoradionuclide therapy. To ensure a high radionuclide-to-drug ratio inside the liposome following the encapsulation of their mixtures, efforts have been made to fine tune the lipophilicity of the radionuclides through chemical modification of their molecular structures. As a result, a number of radionuclide complexes have been developed with high labeling efficiency [37] [38] [39] . So far, a large number of radionuclides have been explored to formulate liposome-based theranostic particles, including iodine-131, lutetium-177, yttrium-90, technetium-99m, indium-111, rhenium-166, and rhenium-168 [37, [40] [41] [42] [43] [44] [45] .
Figure 2.
MicroSPECT/CT images acquired at 20 hours post administration of 186 Re-Doxil using a multi-pinhole collimator. Three dimensional (3D) volume rendered SPECT image of 186 Re-Doxil overlaid with CT isosurface displayed in bone window shows the accumulation in Tumor (T), liver (L), spleen (S) and circulation through heart (H). (Adapted from reference [36] ).
In addition, to further enhance image contrast, efforts have been made to explore the potential of PET imaging for nanotheranostics by formulating liposomes containing PET radionuclides. For example, Petersen et al. have developed a polyethylene glycol (PEG)-lipid based liposome formulation loaded with a copper-radionuclide ( 64 Cu) suitable for PET imaging [46] . Pharmacokinetics of this formulation were studied in female nude mice implanted with human colon adenocarcinoma (HT29) tumor cells in flanks. The accumulation of 64 Cu-liposomes in tumor was found to be several orders of magnitude higher than that of free 64 Cu-DOTA. In addition, 64 Cu-liposomes remained in the blood over a 24-hour period of time, indicating the long circulating nature of the PEGylated liposomes. Meanwhile, the 64 Cu-liposomes created a high tumor-to-muscle signal ratio in the PET scans comparable to other liposome-based formulations used for SPECT imaging with regular gamma emitters. To further improve the imaging capability, the nanotheranostic liposomes can be further modified by conjugating targeting ligands to their surfaces. For example, monoclonal antibody 2C5 (mAb 2C5), which specifically recognizes and binds to live cancer cells, was conjugated to the surface of long-circulating PEGylated liposomes loaded with an 111 In complex [47] . The whole-body direct gamma-imaging of tumor bearing mice showed a superior in vivo tumor accumulation of the targeted liposomes compared to non-targeted control formulations. These studies demonstrate that liposomes are useful to develop radionuclide-based nanotheranostics.
Liposome-based therapeutics and fluorescence imaging
Fluorescence imaging techniques using fluorescent molecules or QDs are important tools in studying molecular biology and nanomedicine [48] [49] [50] . A number of these techniques have been applied in developing liposomes for applications in nanotheranostics. Although a plethora of fluorescent compounds are available, those emitting near infrared (NIR) fluorescence are particularly desirable owing to better tissue penetration and less interference from tissue auto-fluorescence compared to emissions at a lower wavelength. Lowery et al. have conjugated AlexaFluor-750 to the surface of cholesterol/DSPC liposomes for NIR imaging [51] . In this study, the labeling of liposomes with florescent molecules assisted the evaluation of a peptide, HVGGSSV, in targeting tumors for the delivery of DOX. NIR imaging performed on C57/BL6 nude mice implanted with Lewis lung carcinoma and human lung cancer H460 cells showed that targeted liposomes preferentially accumulated within the irradiated tumors when compared with the non-targeted liposomes. Labeling with AlexaFluor-750 also helped to evaluate the pharmacokinetics of the nanotheranostic liposomes, which showed a longer circulation half-life and a higher accumulation and retention within tumors than those of the free drugs, leading to improved anti-cancer efficacy.
Developing liposome-based nanotheranostics with QD-based fluorescence imaging requires the hybridization of QD with liposomes, which can be accomplished by modifying the physicochemical properties, particularly surface properties, of the QDs. For example, QDs capped by trioctylphosphine oxide showed a hydrophobic nature and the incorporation of QD took place within the lipid bilayers [52] . The internal aqueous phase of liposomes can encapsulate hydrophilic drugs and their release in part depends on the type of lipids used. In another study, Al-Jamal et al. have developed a strategy to encapsulate PEG-lipid-coated QD (f-QD) into the aqueous cores of liposome vesicles [53] . By varying the type and composition of lipids, formulation parameters such as liposome surface charge, QD surface coating and lipid rigidity were explored to formulate stable hybrid liposomes. Furthermore, NIR imaging provided by the encapsulated f-QD allowed for in vivo characterization of pharmacokinetics of the liposomes in C57BL6 mice bearing B16F10 melanoma tumor, which was further confirmed by additional techniques including inductively coupled plasma mass spectrometry and 14 C radio tracing. These studies suggest that drug-loaded, QD-based liposomes constitute promising multifunctional delivery vehicles capable of theranostic applications.
Polymer-based nanotheranostics
Polymeric NPs are a class of nanocarriers established for numerous drug delivery applications [54] . Polymeric NPs can be formulated by conjugating multiple functional units to soluble macromolecules; alternatively, they can be made by co-polymer self-assembly. In a typical self-assembled formulation, polymeric NP cores can be loaded with a variety of therapeutic or imaging agents, where surface or bulk erosion, diffusion through the polymer matrix, swelling followed by diffusion, or stimulation by the local environment results in the sustained and controlled release of these agents [24] . In addition, conjugation of drug molecules to the polymer backbone allows for precise drug loading with additional control over drug release profiles [55] . To ensure stability while minimizing immunogenicity, polymeric cores are shielded by stealth materials such PEG. Targeting moieties can be further introduced to the surface. Polymers derived from natural resources such as chitosan and cyclodextrin have received extensive attention in developing biocompatible polymeric NPs [56] . Meanwhile, a large collection of synthetic polymers with outstanding biocompatibility and biodegradability has also been available to formulate polymeric NPs [57] [58] [59] [60] . Increasingly, polymer-based NPs have also attracted much attention in developing theranostic platforms.
Polymer-based therapeutics and MRI
Similar to liposomes, polymeric NPs have been shown to be effective carriers for MRI contrast agents such as SPIOs and Gd-based compounds [61] [62] [63] . For example, the mixture of SPIOs and DOX can be directly encapsulated by using amphiphilic block co-polymer composed of maleimide-PEG-poly(lactic acid) (PLA), which self-assembles to form polymeric NP-based nanotheranostics for both drug delivery and MRI. In two independent studies, surface-presenting maleimide groups allow for the conjugation of either cRGD molecules to target αvβ3 integrins [64] or short peptides containing 10 amino acids to target αvβ6 integrins [65] . The resultant nanotheranostic particles allowed for the evaluation of pharmacokinetics by MRI in real-time. In tumor-bearing mice, targeted NPs showed a higher tumor accumulation when compared with non-targeted NPs owing to the integrin-mediated endocytosis, which further led to enhanced tumor retardation. Studies using other polymers such as Pluronic® F-127 have also resulted in stable formulations capable of simultaneous imaging and therapy, suggesting that the strategy of encapsulating SPIO-DOX mixture to formulate nanotheranostic particles is applicable to many existing polymeric NP systems [66] .
Gadolinium compounds have also been used to formulate polymeric NP-based theranostic formulations for real-time visualization of blood circulation, biodistribution, and tumor accumulation. Ye et al. have conjugated gadolinium-(1,4,7,10-tetraazacyclododecane-1,4,7-trisacetic acid) (Gd-DO3A) to the side chains of poly(L-glutamic acid) (PGA) and subsequently fractionated the polymer-GD-DO3A conjugates into three groups with molecular weights of 87, 50 and 28 kDa (Figure 3 ) [67] . In mice bearing MDA-MB-231 human breast cancer xenografts, strong MR signal enhancement was observed in the tumor periphery. Further pharmacokinetic studies revealed that the conjugates with higher molecular weights (87 and 50 kDa) exhibited a more prolonged blood circulation and higher tumor accumulation, although the difference between the conjugates of 87 and 50 kDa was not significant. In contrast, the conjugate of 28 kDa was rapidly cleared from the circulation and had a relatively lower tumor accumulation. This observation again confirms that it is beneficial to use carriers within a certain nanometer size range for tumor targeting as opposed to the use of small molecules. In another study, Gd complexed together with DOX and folic acid as a targeting ligand were conjugated to a cyclodextrin-based star copolymer, resulting in long-circulating NP formulations with considerable MR contrast enhancement [68] . The advantage of this system is the asymmetric structure of the star copolymer, which accommodates multiple reactive groups for sequential conjugations of different moieties leading to better spatiotemporal-controlled delivery of cargo. In particular, the conjugation of DOX to the star copolymer through a pH-sensitive linker further improved the efficacy. 
Polymer-based therapeutics and radionuclide imaging
Polymer-based NP formulations have been explored as carriers for radionuclide imaging. For example, by conjugating radionuclide compounds including 11 C, 18 F, 64 Cu, 76 Br, 99m Tc, 111 In and 90 Y, researchers have extensively explored a wide range of copolymers such as N-(2-hydroxypropyl) methacrylamide (HPMA) to formulate robust nano-sized delivery systems [69] . Nanotheranostic platforms combining therapeutic molecules and radionuclide compounds have also been developed. For example, Mitra, et al. have conjugated 111 In compounds to HPMA for scintigraphic imaging in an attempt to optimize HPMA-based formulations when functionalized by mono-(RGDfk) and doubly cyclized (RGD4C), two αvβ3-binding peptides with high stability. In vitro studies using human umbilical vein endothelial cells (HUVECs) demonstrated that the polymer conjugates were able to target the integrins, resulting in enhanced cell uptake. In C57BL/6NHsd mice bearing Lewis lung carcinoma, both RGDfk and RGD4C enhanced the tumor localization of the conjugates, with further contrast enhancement observed at the tumor site after 24 hours of injection.
To develop effective nanotheranostic platforms, the potential of adding PET imaging agents into polymer-based nanocarriers, particularly used as non-invasive visualization and quantification of angiogenic biomarkers, has been realized [70] . For example, Chen, et al have coupled c(RGDyK), a cyclic RGD peptide, to 64 Cu-DOTA through a PEG linker and the resulting conjugates showed effective targeting in brain tumor models [71] . In addition, PEG molecules used to functionalize SPIOs also provide additional positions to conjugate both tumor-targeting ligands such as c(RGDfC) peptide and PET imaging agents such as 64 Cu chelators, a useful strategy to combine drug delivery to tumors with PET/MRI dual-modality imaging [72] . Notably, developments built on these pilot studies can be extended for targeted internal radiotherapy via loading the same platform with therapeutic dosages of radionuclides.
Polymer-based therapeutics and fluorescence imaging
By integrating fluorescence imaging techniques into polymeric NPs, image-guided drug delivery al-lows researchers to monitor drug pharmacokinetics, intratumoral drug distribution, and drug tumor accumulation in real-time [19] . For example, Peng et al. have developed multifunctional polymeric NPs composed of PEG-polycaprolactone (PCL) di-block co-polymer to load IR-780, a NIR florescent dye, for both NIR imaging and photodynamic therapy (PDT) (Figure 4) [73] . The NPs were also labeled with 188 Re for microSPECT-guided tumor imaging. In BALB/c athymic nude mice bearing HCT-116 colorectal carcinoma, a preferential tumor accumulation was observed and the addition of NIR irradiation enhanced tumor inhibition when compared with control groups treated with PBS, NIR irradiation only, or micelles only.
In another study, Lee et al. have used glycol chitosan NPs to load chlorin e6 (Ce6), a photosensitizer that allows for both in vivo imaging and PDT ( Figure 5 ) [74] . Compared with physical encapsulation, chemical conjugation of Ce6 to amphiphilic glycol chitosan-5β-cholanic acid resulted in a formulation with a more sustained release profile of Ce6, a longer circulation half-life, and a higher tumor accumulation. In vivo NIR imaging of mice bearing HT-29 human colon adenocarcinoma showed clearly the tumor localization with a low interference from surrounding normal tissues. The combination of NP formulation and the subsequent laser irradiation exhibited severe necrosis of the tumor tissue and decreased tumor volume, while free Ce6 and NPs with physically encapsulated Ce6 failed to show noticeable phototoxicity in the tumor tissues. In PDT, the interaction between the photosensitizers and the tumor cells also affect the efficacy, as short-lived radicals generated from the photosensitizers are only toxic to cells or tissues in close proximity. To understand this effect, (poly(N-vinyl caprolactam)-g-PLA, a pH-sensitive copolymer with endosomolytic ability, and poly(N-vinyl caprolactam-co-N-vinyl imidazole)-g-PLA), a non-pH-sensitive copolymer, were synthesized and utilized for the encapsulation of protoporphyrin IX (PPIX) for in vitro and in vivo PDT studies [75] . With pH-sensitive particles, PPIX was found in the nucleus; in contrast, PPIX was largely trapped in the lysosomes for the non-pH sensitive particles. In female BALB/c nude mice bearing A549 cells xenografts, NP-based PDT showed a better regression of tumor growth than free PPIX; and effective PDT-induced inhibition of tumor growth was only observed in mice treated with pH-sensitive NPs. . Athymic nude mice bearing HT-29 tumors after intravenous injection of saline, free Ce6, HGC-Ce6 (a formulation where Ce6 was physically encapsulated), or GC-Ce6 (a formulation where Ce6 was chemically conjugated). Ce6 dosage is 2.5 mg/kg. Here the figure shows ex vivo images of normal organs (liver, lung, spleen, kidney, and heart) and tumors excised at 2 days post-injection of saline, free Ce6, HGC-Ce6, or GC-Ce6. [74] 
Conclusions
Liposomes and polymer-based NPs are both established drug delivery platforms for cancer treatment. The desire to combine both therapeutics and imaging into a single carrier has advanced these delivery systems one step further, resulting in a number of novel theranostic platforms. Extensive knowledge learned from the development of multifunctional therapeutic nanocarriers will continue to inspire researchers to engineer lipid-and polymer-based nanotherapeutic platforms with multiple imaging modalities incorporated into increasingly sophisticated architectures [76] . Meanwhile, the rapid development of nanomedicine has extended NP therapeutics beyond oncological applications into other fields, particularly cardiology [77, 78] and tissue engineering [79] , where we believe that nanotherapeutic platforms will find numerous potential applications. While these technological advances continually progress toward the clinical translation, we envision that basic research aimed to gain deeper understandings on imaging agents, particularly on the connections between their imaging capability and their physicochemical microenvironments within nanocarriers, will play a key role in developing robust nanotherapeutic platforms with high-performance imaging capability. Taken collectively, these new developments will bring great clinical potential and a bright future for nanotherapeutics.
